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The aim of this paper is to estimate the uniaxial compressive strength (UCS) of rocks with different
characteristics by using genetic expression programming (GEP). For this purpose, ﬁve different types ofeceived in revised form 1 May 2012
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rocks including basalt and ignimbrite (black, yellow, gray, brown) were prepared. Values of unit weight,
water absorptionbyweight, effectiveporosity andUCSof rocksweredeterminedexperimentally. Byusing
these experimental data, ﬁve different GEP models were developed for estimating the values of UCS for
different rock types. Good agreement between experimental data and predicted results is obtained.
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. Introduction
The determination of basic mechanical properties of rocks is
rucial to a speciﬁc engineering project. Several mechanical prop-
rties, including uniaxial compressive strength (UCS), have become
idely accepted parameters for rock design projects (Baskerville,
987).
From past to present, direct and indirect methods have been
sed to determine UCS of rocks in ﬁeld and laboratory. UCS of rocks
an be directly measured in the laboratory. Several methods, such
s point load strength index test, block punch strength index test,
chmidt hammer test, are used for indirect determination of UCS.
ll of these techniques are performed with using great many core
amples and expensive laboratory devices. Lots of time and money
re spent during these processes.
To develop a more simple and cheaper method for determina-
ion of UCS of rocks, genetic expression programming (GEP), which
swidely used in various areas of civil and environmental engineer-
ng (Kayadelen et al., 2009; Unsal et al., 2010; Baylar et al., 2011a,
011b; Unsal, 2011), is adopted. By using GEP, the mathematical∗ Corresponding author. Tel.: +90 344 219 13 86.
E-mail addresses: ozbekaderen@gmail.com, ozbeka@ksu.edu.tr (A. Ozbek).
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odels are established for the estimation of UCS of the rocks that
ave similar properties. Through comparison with experimental
ata, GEP models are veriﬁed to be useful and can successfully
redict the UCS of rocks.
. Petrographic, geochemical and physico-mechanical
roperties of rocks
In this study, ignimbrite of Erciyes volcanic outcrops and
avuzeli basalt were sampled in Ankara, Turkey (Fig. 1). The
ocks are divided into ﬁve groups according to their macro-
copic and physical properties, for example, color, amount of rock
ieces, glass, pumice fragments, hardness and density. The Upper
iocene ignimbrite of Erciyes outcrops is described as brown,
lack, yellow and gray; and the Yavuzeli basalt is mainly of Mid-
le Upper Miocene (Table 1). Some petrographic, geochemical and
hysico-mechanical properties of ﬁve different types of rocks were
xamined.
.1. Petrographic properties of rocks
Basically, the pyroclastic rocks consist of minerals such as
lagioclase, clinopyroxene, amphibole, hornblende, and rock frag-
ents in matrix. Black ignimbrite has hyalo-microlitic porphyritic
exture, and plagioclase is the dominant mineral. The second dom-
nant mineral, hornblende, and small amount of opaque minerals
ith trace amounts of augite are found in rocks. Hyalo-porphyritic
extured yellow ignimbrite is composed of plagioclase and small
mount of pyroxene and opaque minerals. Gray ignimbrite shows
yalo-porphyritic texture. Plagioclase is the dominant mineral,
nd a small amount of pyroxene, amphibole and opaque minerals
re observed in this ignimbrite. Hyalo-microlitic porphyritic and
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acuolar textured brown ignimbrite contains approximately 70%of
he mineral plagioclase. Small amount of amphibolites and opaque
inerals is observed. The basalt shows different textures including
ntersertal-glomeroporphyritic-vacuolar. Dominantmineral is pla-
ioclase, and the secondary one is olivine in this rock. In addition,
linopyroxene and opaque minerals are rarely observed.
.2. Geochemical properties of rocks
Major and trace element geochemical analysis of ignimbrite
nd basalt was conducted. Chemical compositions of ignimbrite
nd basalt are listed in Table 2. Accordingly, it can be observed
rom Table 2 that SiO2 content of four ignimbrite rocks varies from
3.66% to 70.56%, and that of basalt is 48.69%. Low SiO2 content,
igh TiO2, Fe2O3, MgO and CaO are characterized for the basalt.
.3. Physico-mechanical properties of rocks
An extensive ﬁeld study was conducted to select the blocks to
e used in the standard core preparation in the laboratory. The
aboratory tests were performed on NX size core samples.
The unit weight, water absorption by weight, effective porosity
nd UCS were determined by tests on 20 core samples of 5 differ-
nt rock types according to the ISRM suggested standard (ISRM,
981). The test results are listed in Table 3. It can be seen from
able 3 that, for the ignimbrite, the highest average dry unit weight
f 19.08kN/m3 is observed in the yellow ignimbrite, and the low-
st value of 15.5 kN/m3 in the gray ignimbrite. The average dry unit
eight of basalt is 23.2 kN/m3. For the ignimbrite, the lowest aver-
ge water absorption by weight of 10.37% is observed in the yellow
gnimbrite, and the highest value of 20.17% in the black ignimbrite.
he average water absorption by weight of basalt is 2.58%.
Porosity is a signiﬁcant physical feature of rocks due to water
bsorption that causes decrease in the strength. The basalt of the
able 1
eneral properties of rocks.
Sample code Trade name Location Rock type
Br Brown Tomarza Ignimbrite
Bl Black Tomarza Ignimbrite
Ye Yellow Tomarza Ignimbrite
Gr Gray Tomarza Ignimbrite
Ba Basalt Yavuzeli Basalt
f
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sig. 2. Algorithm of genetic expression programing (Teodorescu and Sherwood,
008).
tudy area can be described as “highly porous” and ignimbrite
s “extremely porous” according to the classiﬁcation by Anon
1979). The average UCS of basalt is determined as 26.65MPa.
or the ignimbrite, the lowest UCS is observed in the black ign-
mbrite as22.39MPa, and thehighest value in thebrown ignimbrite
s 27.69MPa. Yellow and brown ignimbrite and basalt have a
poor strength”, and black and gray ignimbrite have a “very poor
trength” according to the classiﬁcationbyDeere andMiller (1966).
. GEP description and calculation results for different
ocks
GEP was developed by Ferreira (2001) using fundamental prin-
iples of the genetic algorithm (GA) and genetic programming (GP).
he methodology of GEP for evaluation of any knowledge is like
hat of the biological evaluation. The problems are encoded in lin-
ar chromosomes of ﬁxed-length as a computer program. In other
ords, amathematical function is described as a chromosomewith
ulti-gene and developed using the data presented to it. GEP per-
orms the symbolic regression using most of the genetic operators
f GA. However, there are some differences between GEP and GA.
ny mathematical expression deﬁned as symbolic strings of ﬁxed-
ength (chromosomes) in GA is represented as nonlinear entities of
ifferent sizes and shapes (parse trees). But in GEP, it is encoded as
imple strings of ﬁxed-length, which are subsequently described
s expression trees of different sizes and shapes (Mun˜oz, 2005;
evik et al., 2010). GEP algorithm begins by selecting the ﬁve ele-
ents, such as function set, terminal set, ﬁtness function, control
arameters and stop condition.
The basic GEP algorithm (Teodorescu and Sherwood, 2008) is
hown in Fig. 2. This algorithm randomly makes up initial chromo-
ome which represents a mathematical function and then converts
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Table 2
Chemical compositions of ignimbrite and basalt (%).
Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Loss on ignition Sum
Ignimbrite Bl 63.66 0.71 16.34 4.58 0.14 1.79 1.32 0.43 2.07 0.11 7.35 98.5
Br 65.17 0.76 16.41 4.41 0.12 1.16 1.25 0.51 2.25 0.31 6.75 99.1
Ye 70.56 0.64 14.8 1.82 0.09 0.26 0.13 0.47 3.66 0.08 6.41 98.92
Gr 69.36 0.88 14.75 1.81 0.12 0.39 0.19 0.87 3.24 0.09 7 98.7
Basalt Ba 48.69 3.25 17.61 11.6 0.17 5.86 5.37 0.36 0.78 0.86 4.23 98.78
Table 3
Physico-mechanical properties of the examined rocks.
Sample Dry unit weight,  (kNm−3) Water absorption by weight, wA (%) Effective porosity, n (%) UCS, c (MPa)
Range Mean Standard
deviation
Range Mean Standard
deviation
Range Mean Standard
deviation
Range Mean Standard
deviation
Ignimbrite Bl 14.4–16.01 15.11 ±0.52 18.47–21.41 20.17 ±0.94 26.43–29.17 27.89 ±0.74 19.03–24.6 22.39 ±1.92
Ye 18.12–19.74 19.08 ±0.44 9.18–11.45 10.37 ±0.7 19.07–21.6 20.18 ±0.69 23.66–30.14 27.3 ±1.85
Gr 15.15–16.31 15.5 ±0.38 15.3–18.56 17.42 ±0.98 24.48–27.99 26.91 ±0.92 20.28–24.62 22.8 ±1.15
.68
.87
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mBr 16.04–18.96 17.57 ±0.81 12.04–17.73 14.84 ±1
Basalt Ba 20–26.2 23.2 ±2.6 1.34–3.62 2.58 ±0
t into an expression tree (ET), as illustrated in Fig. 3. There is
comparison between predicted and measured values of UCS in
ubsequent steps. If the desired results in accordance with error
riteria initially selected are found, the GEP process is terminated.
f the desired error criteria could not be found, some chromosomes
re chosen by method called roulette-wheel sampling, and they
re mutated to obtain new chromosomes. After the desired ﬁtness
core is found, this process terminates and then the knowledge
oded in genes in chromosomes is decoded for the best solution of
he problem (Teodorescu and Sherwood, 2008).
(a) Chromosome with one gene.
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ig. 3. Schematic indication of a chromosome with one gene and its expression tree
nd corresponding mathematical equation (Kayadelen et al., 2009).
T
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t24.4–28.95 26.54 ±1.5 23.83–30.34 27.69 ±2.05
3.63–8.96 5.99 ±1.56 21.21–30.9 26.65 ±3.11
This study aims at generating the models for the prediction
f UCS of different rock types. Five GEP models (models I–V) are
enerated for basalt, gray, brown, yellow and black ignimbrite,
espectively. Effective porosity (n), water absorption by weight
wA), unit weight () and UCS measured by tests are for input
arameters and UCS predicted (c) for output parameter. Five
athematical functions are generated in the form of y= s(n,wA,).
he model equations obtained for models I–V are given below:
(1) Model I (basalt)
c = ln 8 + [sin wA + (wA − n)] +
{
sin [n(wA − n)] + wA
}
+
{
sin[(cos n − wA) sin n] + wA
}
(R2 = 0.99) (1)
(2) Model II (gray ignimbrite)
c =
[
wA − cos( 3
√
wA−n)
]
+
{
arc tan
[
exp( 3
√
)
]
−(ln n− cos )
}
+ 5
√
 +
[
n − 5
√
exp(wA)
]
(R2 = 0.99) (2)
(3) Model III (brown ignimbrite)
c = ln [ + tan(tan n5)]4 +
{
wA − tan
{
sin[sin wA( − wA)]
}}
+
{
cos n +
[
1/ exp(tan 3
√
n)
]}
(R2 = 0.88) (3)
(4) Model IV (yellow ignimbrite)
c = {wA − sin[(log10 wA)5 + wA]} +
(
wA −
√
tan n + n + 5√n
)
+
{
wA + sin [sin(3n + )]
}
(R2 = 0.92) (4)
(5) Model V (black ignimbrite)
c =
[
(arc tan 4
√
wA)
3 −
(
1
wA
− wA
)]
+{sin(eln n)− cos[ln(wA−)]}
+ ln[tan(arc tann − /n)5] (R2 = 0.95) (5)The predicted results from models I–V are compared with
xperimental results, as shown in Fig. 4. High correlations are
ound in all models. It is accepted that the value of determina-
ion coefﬁcient R2 of any model is not sufﬁcient for the statistical
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Fig. 4. The predicted and measured values of uniaxial compressive strength for
models I–V.
Table 4
Values of determination coefﬁcient and error analysis results for ﬁve different rock
types.
Model R2 MSE
I 0.99 0.495
II 0.99 0.103
III 0.88 4.842
IV 0.92 1.148
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erformance. Therefore, the error distribution of the models must
e examined. Because of this, the value of minimum square error
MSE) of each model is calculated. MSE values of models I–V are
.495, 0.103, 4.842, 1.148 and 0.342, respectively. Experimental
esults show that the desired performance is provided with GEP
odels. From thedetermination coefﬁcients ofmathematical func-
ions, it can be emphasized that GEP can be used for estimating the
CS of rocks successfully.
. Discussion
During the GEP model formation, ﬁve different rock types were
sed. The physico-mechanical parameters of these rock samples,
uch as unit weight, water absorption by weight, effective porosity
ndUCSmeasuredby tests,wereusedas inputs to theprogram.GEP
odels were developed according to laboratory data. The values of
etermination coefﬁcient and error analysis results are presented
n Table 4.
All rock samplesusedwereobtained in the same region. TheGEP
n this study is prepared for the estimation of UCS of them. Applica-
ility of themodels to the different rocks (in different depth, origin,
nd hardness, etc.) requires the new mathematical assumptions.
The GEP models of this study are prepared for estimation of UCS
f dry rocks. However, water saturation of rocks will decrease the
trength of rocks. If the UCS of the water saturated rocks measured
y tests is used as an input to theprogram, additionalmathematical
odel is required for water saturated UCS prediction.
. Conclusions
Generally, ignimbrite has a heterogeneous structure contain-
ng a porous, glassy matrix with pyroxene, plagioclase, and rock
ragments. The basalt shows different structures containing plagio-
lase, olivine clinopyroxene and opaqueminerals. The SiO2 content
f rocks varies from 48.69% to 70.56%. All ignimbirite samples have
signiﬁcantly higher SiO2 content than basalt.
The physico-mechanical properties of ignimbrite and basalt,
uch as unit weight, water absorption by weight, effective poros-
ty and UCS, were determined experimentally. Ignimbrite has been
lassiﬁedas extremelyporous,whereasbasalt is highlyporous. Yel-
ow and brown ignimbrite and basalt have been considered as poor
trength, while black and gray ignimbrite as very poor strength.
Thispaperattempts topredict theUCSofdifferent typesof rocks.
ive GEP models are generated for basalt (model I), gray (model
I), brown (model III), yellow (model IV) and black (model V) ign-
mbrite. High correlations are found in all models. Moreover, MSE
alues for models I–V are calculated, which are 0.495, 0.103, 4.842,
.148 and 0.342, respectively.
From all these results, GEP can be used successfully to pre-
ict rock properties, because of the high determination coefﬁcients
btained as a result of this study.
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